Neutralizing antibodies play a central role in the prevention and clearance of viral infections, but can be detrimental to the use of viral capsids for gene delivery. Antibodies present a major hurdle for ongoing clinical trials using adeno-associated viruses (AAVs); however, relatively little is known about the antigenic epitopes of most AAV serotypes or the mechanism(s) of antibody-mediated neutralization. We developed panels of AAV mAbs by repeatedly immunizing mice with AAV serotype 1 (AAV1) capsids, or by sequentially immunizing with AAV1 followed by AAV5 capsids, in order to examine the efficiency and mechanisms of antibody-mediated neutralization. The antibodies were not cross-reactive between heterologous AAV serotypes except for a low level of recognition of AAV1 capsids by the AAV5 antibodies, probably due to the initial immunization with AAV1. The neutralization efficiency of different IgGs varied and Fab fragments derived from these antibodies were generally poorly neutralizing. The antibodies appeared to display various alternative mechanisms of neutralization, which included inhibition of receptor-binding and interference with a post-attachment step.
INTRODUCTION
Adeno-associated viruses (AAVs) are non-enveloped viruses with a 4.7 kb ssDNA genome packaged into añ 25 nm diameter icosahedral capsid (Kerr et al., 2006) . Several of the 12 currently identified AAV serotypes are under investigation as vectors for therapeutic gene delivery due to features that make them potentially attractive vectors, including high capsid stability and lack of pathogenicity (Allocca et al., 2006; Dai & Rabie, 2007; Grimm & Kay, 2003; Michelfelder & Trepel, 2009; Van Vliet et al., 2008; Wu et al., 2006b) . The different serotypes of AAV have viral proteins (VPs) that are~60-90 % identical in amino acid sequence (Gao et al., 2003 (Gao et al., , 2004 , with variations in capsid surface-oriented loops, resulting in alterations of antigenicity, tissue tropism and transduction efficiency Lerch et al., 2010; Lochrie et al., 2006; Nam et al., 2007; Ng et al., 2010) . The AAV2 serotype is the best characterized and is also the capsid type with the largest number of ongoing clinical gene therapy trials (e.g. Grieger & Samulski, 2005; Marks et al., 2010; Mueller & Flotte, 2008; Scallan et al., 2003) . Other serotypes such as AAV1 and AAV5 have been less well characterized, but show enhanced transduction of certain tissues such as muscle, brain and/or haematopoietic stem cells compared with AAV2 (Burger et al., 2004; Chao et al., 2000; Zabner et al., 2000; Zhong et al., 2006) . Both of these serotypes utilize sialic acids as their primary cellular receptors and AAV5 also binds to the platelet-derived growth factor receptor (PDGFR) as a co-receptor (Kaludov et al., 2001; Di Pasquale et al., 2003; Walters et al., 2001; Wu et al., 2006c) .
Humoral immunity leading to virus neutralization has been recognized as a major barrier to clinical trials involving AAV in humans, and the role of cellular immunity is also becoming increasingly appreciated (Boutin et al., 2010; Breous et al., 2011; Calcedo et al., 2009; Mingozzi & High, 2011; van der Marel et al., 2011) . Anti-AAV2 neutralizing antibodies have been detected in between 30 and 80 % of human subjects in different studies, and these antibodies are capable of neutralizing the virus and preventing transgene expression (Boutin et al., 2010; Lin et al., 2008; Petry et al., 2008; Zaiss & Muruve, 2008) . The success of the trials are determined by the route, dose and serotype used for gene delivery, and by the identity, IP: 54.70.40.11
On: Sat, 22 Dec 2018 03:00:53 expression level and promoter of the transgene product (Breous et al., 2011; Hernandez et al., 1999; Li et al., 2008; Sun et al., 2003) . In addition, anti-capsid antibodies can be formed after initial gene therapy application, and strategies for avoiding interference with those during a second round of delivery antibodies include administration of transgenes packaged by different, non-cross-reactive AAV serotypes (Halbert et al., 2000; Xiao et al., 1999) . Concurrent immunosuppressant (e.g. cyclosporin) administration or plasmapheresis along with the AAV vector may also temporarily reduce immune responses to the virus capsid and/or transgene (Lorain et al., 2008; Monteilhet et al., 2011) . Successful outcomes of AAV gene delivery have also been realized by direct injection into partially immune privileged tissues such as the retinal pigment epithelium (Maguire et al., 2008) .
Despite the importance of antibodies in the host response to AAV, relatively little is known about the major antigenic epitopes on the capsid surface or the mechanism(s) of antibody neutralization. Antibodies may neutralize viruses by a variety of mechanisms that include capsid crosslinking, the direct or steric inhibition of receptor binding, the prevention or premature triggering of conformational changes necessary for infection, or enhancing endocytosis or complement binding (Dimmock, 1993; Klasse & Sattentau, 2001; Law & Hangartner, 2008; Mallery et al., 2010; Parren & Burton, 2001; Willey & Aasa-Chapman, 2008) . The number of antibodies required for neutralization of a viral capsid varies between different viruses, and may depend on epitope accessibility and organization as well as the overall capsid size, but the number of antibodies needed to neutralize effectively is generally proportional to the viral surface area (Klasse & Sattentau, 2002; Pierson et al., 2008) .
Mechanisms of antibody binding and neutralization of parvoviruses have been examined for AAV2 and for the autonomous parvoviruses canine parvovirus (CPV) and minute virus of mice (MVM) (Ló pez-Bueno et al., 2003; Murphy et al., 2009; Strassheim et al., 1994; Wistuba et al., 1997; Wobus et al., 2000) . Studies of AAV2 examining a small number of mAbs or polyclonal anti-capsid antibodies show that antibody binding is affected by changes in a small number of amino acid positions within variable loops on the capsid surface (Huttner et al., 2003; Lochrie et al., 2006; Maersch et al., 2010; Moskalenko et al., 2000; Wobus et al., 2000) . Mutations in some of the sites that eliminated antibody binding also altered the receptor-binding properties by reducing association with heparan sulfate proteoglycan (HSPG), the primary receptor for AAV2. Antibodies to different epitopes were characterized by peptide mapping, and it was also observed that neutralization occurred either by inhibition of receptor binding or at post-attachment steps (Wobus et al., 2000) . A panel of capsid surface alanine scanning point mutants tested for antibody binding by an anti-AAV2 mAb (A20), polyclonal antibodies in three human sera or to a pool of human IgGs showed differences in neutralization efficiency as there was not always a direct relationship between the change in IgG binding and neutralization (Lochrie et al., 2006 ). However, when tested for HSPG binding, many of those mutants retained similar infectivity to wild-type capsids (Lochrie et al., 2006) . Some mouse antibodies have also been generated against other AAV serotypes, including AAV1, AAV4-AAV6; however, their neutralization mechanism(s) and the capsid structures bound have not been defined (Kuck et al., 2007) .
Here, we describe a number of mAbs (both IgGs and IgMs) produced against the capsids of AAV1 and AAV5. The reactivity of these antibodies to the homologous capsids were compared in order to define the efficiency of antibody attachment and the processes of neutralization, which may be similar to those that interfere with AAV-mediated gene therapy.
RESULTS

Antibody production
Panels of mAbs were prepared against AAV1 and AAV5 virus-like particles (VLPs) using two different immunization strategies. The first involved repeated immunization of AAV1 VLPs 2-3 months prior to a final intravenous immunization 3 days prior to the fusion of the splenic lymphocytes. This protocol resulted in the production of three IgG-and four IgM-secreting hybridomas against AAV1. Seeking to prepare cross-reactive antibodies by the sequential administration of alternative serotypes, mice were immunized twice with AAV1 and then given a final intravenous immunization of AAV5 3 days prior to the fusion. This protocol resulted in the isolation of one IgGand nine IgM-secreting hybridomas against AAV5. The antibodies generated are listed in Table 1 .
Cross-reactivity with different AAV serotypes
Cross-reactivity between the hybridoma supernatant from a subset of the AAV1 and AAV5 mAbs and capsids of several AAV serotypes was tested by ELISA (data not shown) and native dot-blot Western analysis (Fig. 1 ). The B1 antibody was used to confirm the presence of AAV capsid protein in the dot-blot assay after boiling; this antibody was raised against AAV2 and recognizes a linear epitope present in all AAVs tested except AAV4 at the C terminus of the VP3 common region after denaturation (Wobus et al., 2000) . An antibody generated against AAV4 capsids, ADK4, was used as a positive control to verify the presence of this virus during the dot-blot Western assays (Kuck et al., 2007) .
The tested mAbs recognized conformational epitopes on assembled capsids ( Fig. 1a ) and did not react with denatured capsids (data not shown). The eight anti-AAV1 antibodies were specific for this serotype and cross-reacted only with AAV6 capsids, which differ from AAV1 by only 6 aa. These antibodies did not react with AAV2, AAV4, AAV5, AAV7, AAV8 and AAV9. The anti-AAV5 mAbs specifically recognized this serotype and only weakly crossreacted with AAV1 when tested at very high hybridoma supernatant concentrations (1 : 4 dilution) ( Fig. 1b) . The other tested serotypes were not recognized ( Fig. 1a ).
mAb neutralization
Neutralization titres were defined as the dilutions that resulted in 50 % or greater reductions of cellular transduction by AAV1 and AAV5 vectors packaging the GFP-gene, compared to a control well with no added antibody. Transduction was scored as the percentage of GFPexpressing cells 48 h post-inoculation. All of the antibodies neutralized as intact IgGs although with different efficiencies ( Fig. 2a ). The 4E4 IgG, generated against AAV1, was the most efficient and neutralized at 50-and 500-fold lower concentrations compared with the 5H7 and 9A8 antibodies, respectively, where the fold-excess was based on the antibody to capsid ratio. The Fabs were each less neutralizing than their IgG counterparts, with the 5H7 antibody retaining the proportionally highest level of neutralizing ability as a Fab fragment, but at a concentration that was a 100-fold higher than for the respective IgG. The 4E4 and 9A8 Fab fragments reached 50 % neutralization only at the highest concentration tested (Fig. 2b) . A similar pattern was seen with the anti-AAV5 3C5 antibody, which neutralized as an intact IgG at high concentrations but was non-neutralizing as a Fab (Fig. 2c ). Neither IgGs nor Fabs directed against non-homologous CPV antigens (mAbs 15 and 16) nor an anti-BSA IgG showed any neutralization against the AAVs (Fig. 2d ).
Mechanisms of neutralization
To examine virus binding and cross-linking ability of the anti-AAV antibodies, haemagglutination inhibition (HI) assays were performed for the AAV5 VLPs reacting with the 3C5, 4E4, 9A8 and 5H7 antibodies. AAV1 capsids did not haemagglutinate feline, canine, chicken or horse red blood cells and were not tested in this assay. When tested with AAV5 VLPs, the anti-AAV5 3C5 antibody had a low HI titre (1 : 4). One of the anti-AAV1 antibodies, 9A8, showed a small amount of HI (titre 1 : 2); interpreted as non-specific HI given that the antibody was not found to bind AAV5 capsids by ELISA or native Western dot-blot assays.
When tested for their ability to inhibit receptor binding, each anti-AAV1 IgG decreased the level of cellularassociated virus to ,20 % of control levels, with variability in the efficiency of inhibition ( Fig. 3a ). Similar to the findings from the infection neutralization assay, the 4E4 antibody showed the greatest reduction in viral association with cells. The Fab fragments were less inhibitory of receptor binding than their IgG counterparts, and only the Fab of the 5H7 antibody reduced the level of cell-associated virus to ,50 % of control levels (Fig. 3b ). Neither the anti-AAV5 3C5 IgG nor Fab fragment reduced the level of virus binding to ,80 % of control levels (Fig. 3c ). Control 
IgM *Antibodies tested in neutralization assays. DIgM antibodies tested for cross-reactivity in dot-blot analysis but not further tested for neutralizing ability.
antibodies did not inhibit the viruses' ability to attach to cells (Fig. 3d ).
To identify potential neutralization mechanisms other than inhibition of receptor attachment, the antibodies were tested for their ability to neutralize AAV infection after the virus had already attached to cells ( Fig. 4) . Of the anti-AAV1 antibodies, only the 4E4 IgG gave .50 % neutralization at the highest two concentrations tested when added after virus attachment, and none of the Fabs significantly neutralized the virus (Fig. 4b) . Neither the anti-AAV5 3C5 IgG nor Fab inhibited infection after the virus had bound to cells (Fig. 4c ).
DISCUSSION
Anti-AAV mAb production
Antibodies are an essential component of the immune response against parvoviruses. In this study, the AAV capsid proved to be a potent antigen for stimulating antibody production, and we were able to prepare several anti-capsid antibodies only 3 days after immunization with AAV5. Although those mice had been previously immunized with AAV1, most of those antibodies were IgMs directed against AAV5. The predominance of IgMs isolated suggests that the response to a single AAV5 VLP immunization was essentially a primary immune response. A greater proportion of anti-AAV1-specific IgGs was found following repeated administration of homologous capsid due to additional opportunities for class switching; three IgG-and four IgM-secreting hybridomas were isolated.
Cross-reactivity of the anti-AAV mAbs
These AAV1 and AAV5 mAbs provide useful reagents for the study of AAV immunogenicity and cellular entry. Most were poorly cross-reactive between serotypes, except for the anti-AAV1 antibodies that also reacted with the very similar AAV6 capsids as expected (Wu et al., 2006a, c) . The anti-AAV5 antibodies showed only weak cross-reactivity with AAV1, even though the mice were immunized twice with AAV1 and then once with AAV5 shortly before the fusion. As those hybridomas were screened for reactivity with AAV5, any antibodies against only AAV1 would not be selected. These results suggest that any shared epitopes between the two serotypes are probably weak, as no antibodies that were identified by immunization and screening with only AAV1 were able to bind and neutralize the AAV5 capsid. These data support the separation of AAV1 and AAV5 as distinct serotypes, and suggest that using sequential administration of different AAVs for repeat transgene delivery in clinical trials may reduce vector neutralization.
Neutralizing ability of the anti-AAV mAbs
All the anti-AAV-specific antibodies tested neutralized the viruses as intact IgGs, but had widely different neutralization abilities. The reasons for these differences may include variability in the specific-binding site, orientation of attachment and affinity. Specifically, the most efficient anti-AAV1 neutralizing antibody, 4E4, may bind with a greater affinity to the capsid, or it may have an interaction that provides more steric hindrance to prevent interaction of the virus with the target cell than the other antibodies tested. In addition, 4E4 was the only IgG that was able to both inhibit receptor binding and act at a post-attachment step. This ability to neutralize at more than one step in the infection process may contribute to its neutralization efficacy.
The anti-AAV1 9A8 and anti-AAV5 3C5 were the least efficient neutralizing antibodies. The 3C5 antibody was produced after only 3 days of immunization with AAV5 and, given the low HI titre and high concentrations needed to neutralize, may represent an immature antibody with a relatively low affinity. These antibodies may be less able to sterically hinder receptor binding compared with the 5H7 and 4E4 anti-AAV1 antibodies. Sialic acids may be on long, flexible oligosaccharides or glycoproteins that protrude from the surface of the cell, and antibodies would probably need to bind in close proximity to the receptor-binding site and/or in high density to inhibit receptor binding. Structural studies are currently in progress to determine the specific epitopes and binding footprints of the different antibodies studied here (B. Gurda and M. Agbandje-McKenna, unpublished data).
The Fabs were poorly neutralizing compared with the intact IgGs and were also poorly inhibitory of receptor binding. This reduced efficacy of neutralization by the Fab fragments may result from the smaller degree of steric inhibition provided by the Fab fragments or from a lack of viral particle cross-linking, which would reduce their ability to prevent the viral capsid from gaining access to sialic acids on the cell surface. The fact that the 5H7 antibody retains the highest neutralizing ability as a Fab fragment and is the most able to interfere with receptor binding is suggestive of a binding footprint directly over the receptor-binding site, although this remains to be structurally confirmed. However, this antibody is not the most neutralizing as an intact IgG, suggesting that nonspecific coating of the virion and cross-linking may be adequate to achieve neutralization in some cases.
For the AAV1 antibodies in any form, the profile of the neutralization curves were similar to the binding inhibition curves, suggesting that directly or indirectly preventing virus attachment is a major mechanism of neutralization.
Only the anti-AAV1 4E4 IgG, and none of the Fabs, was able to significantly inhibit infection after capsids were already attached to cells. This may result from stabilization of the capsid structure by the IgG that interferes with conformational changes required during infectious entry. However, this post-attachment neutralization was not seen for the Fab fragment, so the effect may be due to a constant region (Fc)-mediated function such as the recently identified TRIM-21 dependent, intracellular viral neutralization mechanism (Mallery et al., 2010) . Alternatively, the postattachment neutralization may result from bivalent binding of the intact IgG to the capsid surface leading to crosslinking of adjacent capsid protein subunits.
The AAVs provide an important model system for examining the antigenic structure of simple capsids, as they include several genetically distinct serotypes that are under investigation for use as gene delivery vectors. The variability in neutralizing antibody efficacy and mechanism seen here echo previous results with antibodies directed against other AAV serotypes, and highlight the need to further clarify the key epitopes on the AAV capsid surface (Kuck et al., 2007; Moskalenko et al., 2000; Wobus et al., 2000) . Future studies are ongoing to clarify the specific structural interactions of the Fab fragments described here with the AAV capsid and to develop antibody escape mutants that retain the receptor-binding properties of the wild-type virus, seeking to circumvent antibody interference with the effective use of AAV-derived gene therapy vectors.
METHODS
Capsid production and immunizations. Empty (no DNA) AAV1 and AAV5 VLPs were composed of VP1, VP2 and VP3 expressed from baculoviruses under the control of the polyhedron promoter, produced in Hi5 insect cells, and purified using CsCl and sucrose gradients as described previously (DiMattia et al., 2005; Miller et al., 2006; Urabe et al., 2002) . Mice were immunized with 0.1 mg AAV1 capsids initially by the subcutaneous route, with Freund's complete adjuvant in the first immunization and Freund's incomplete adjuvant for the later immunizations. For the final booster, purified AAV1 or AAV5 capsids were administered intravenously in PBS without adjuvant in order to maximize rapid presentation of antigen to the immune system. Three days later the spleen lymphocytes were fused to mouse myeloma Sp2/0 cells according to standard methods using polyethylene glycol to create antibody-secreting hybridomas (Parrish & Carmichael, 1983) . Hybrid cells were selected in the presence of hypoxanthine-aminopterin-thymidine (HAT) and screened for anti-AAV antibody production by ELISA or immunohistochemistry. Positive anti-AAV antibody secreting hybridomas were cloned three times.
Viruses and cells. GFP-pseudopackaged AAV1 (rAAV1-GFP) and AAV5 (rAAV5-GFP) capsids were prepared as described previously (Conway et al., 1999) . Briefly, 293T cells were transfected with pAAV1RC or pAAV5cap and pAAV2rep78, a plasmid containing the adenovirus helper genes, and a plasmid containing the GFP gene controlled by a cytomegalovirus immediate-early promoter and flanked by the AAV2 genome inverted terminal repeats (Halbert et al., 2000) . Virus capsids were harvested 48 h after transfection and purified using a caesium chloride step gradient. The highest titre fractions were identified by qPCR and TCID 50 analysis in Cos-1 or HeLa cells .
AAV1 and AAV5 VLPs were fluorescently labelled with Alexa-488 dyes (Invitrogen), following the manufacturer's instructions, with purification as described previously (Harbison et al., 2009) . The degree of labelling was determined to be 10-15 dye molecules per VLP, and the VLPs were identified to be primarily single particles using the method outlined previously (Harbison et al., 2009) .
Production and purification of mAb and Fab fragments. mAbproducing hybridomas were grown in 500 ml culture bags and the IgGs were isolated from the supernatant using HiTrap Protein G columns (GE Lifesciences). To produce Fabs, the IgGs were digested with papain using a Fab preparation kit (Thermo Scientific), and the monomeric Fab were further purified by chromatography using a Sephadex G100 column (Sigma). IgG and ELISA and/or immunofluorescence confirmed Fab specificity and reactivity (Hafenstein et al., 2009) .
ELISA and native dot-blot Western analysis of viral binding.
To examine the reactivity of the mAbs against different strains of AAV, both ELISA and native (non-denaturing) dot-blot Westerns of purified VLPs were performed. Purified VLPs [4 mg ml 21 in bicarbonate buffer (pH 9.6)] were adsorbed to Probind polystyrene ELISA plates (Corning). Antibodies were added and incubated for 1 h at 22 uC, followed by addition of an HRP-conjugated goat anti-mouse antibody, then an ABTS substrate (Sigma). For native dot-blot Westerns, VLPs of AAV1, AAV2 and AAV4-AAV9 were spotted onto nylon membranes, incubated with the antibody supernatant for 1 h, followed by incubation with a secondary anti-mouse HRP antibody (Sigma). Positive control (B1) samples were boiled for 10 min prior to dot blotting. The bound antibody-conjugated HRP was detected with Supersignal luminescent substrate (Thermo Scientific) and exposed to X-ray film (Anderson et al., 2000) .
Neutralization assays. rAAV1-GFP and rAAV5-GFP capsids were incubated with 10-fold dilutions of purified intact IgGs or Fab fragments as indicated for 60 min at 22 uC. This mixture was incubated with Cos-1 or HeLa cells at a fixed genome per cell ratio and incubated for 1 h at 37 uC. The cells were washed and fresh growth medium was added. The percentage of transduced cells was measured by determining the number of cells expressing GFP at 48 h after inoculation using flow cytometry and was compared to a control well with no antibody added (van der Marel et al., 2011) . The results of three independent experiments are shown.
Post-attachment neutralization was examined by incubating the same concentration of virus as above with cells for 30 min at 4 uC, before adding IgG or Fab at the same dilutions as above. After an additional hour at 4 uC the cells were washed extensively, and warm growth medium was added. Cells in three independent experiments were assayed for GFP expression at 48 h post-infection as above (Sabo et al., 2010) .
Assay for antibody-mediated inhibition of cellular binding.
Alexa-488-labelled AAV1 and AAV5 VLPs were incubated in solution with 10-fold dilutions of purified intact IgGs or Fab fragments for 60 min at 22 uC. This mixture was applied to Cos-1 or HeLa cells at a concentration of 25 000 particles per cell and incubated for 1 h at 4 uC. The cells were washed extensively with cold growth medium and assayed for viral binding compared with a control well with no antibody added as measured by Alexa-488 fluorescence intensity using flow cytometry (Sui et al., 2004) . The results of three independent experiments are shown.
Recombinant AAV viral vectors pseudotyped with viral capsids from serotypes 1, 2, and 5 display differential efficiency and cell tropism after delivery to different regions of the central nervous system. Mol Ther 10, 302-317. Fab 5H7 Fab 9A8 Fab 4E4 lgG 3C5 Fab 3C5 Fig. 4 . Ability of the anti-AAV1 and anti-AAV5 mAbs to neutralize at a post-attachment step. (a and b) rAAV1-GFP capsids were inoculated onto Cos-1 cells at 4 6C to allow attachment but not endocytosis. Serial dilutions of the anti-AAV1 IgGs (a) or Fabs (b) were then added for 1 h, then cells were washed prior to warming to 37 6C. Cells were scored for GFP expression after 48 h by flow cytometry and data compared to a no-antibody control. (c) Serial dilutions of the anti-AAV5 IgG and Fab were tested for the ability to neutralize rAAV5-GFP after receptor binding as in (a and b).
